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Introduct ion 

While it i s  t r u e  t h a t  cobal t  molybdenum c a t a l y s t s  were developed p r imar i ly  
f o r  t h e  hydrodesulfur izat ion of petroleum residium streams,  t h e y  have been app l i ed  
ex tens ive ly  i n  l abora to ry  and p i l o t  p l a n t  i n v e s t i g a t i o n s  of  t h e  production of  
q u a l i t y  s y n t h e t i c  f u e l s  from coa l ,  o i l  sha l e  and t a r  sands.  In  these  app l i ca t ions  
the  c a t a l y s t  has  been of i n t e r e s t  n o t  j u s t  because of  its d e s u l f u r i z a t i o n  capa- 
b i l i t i e s ,  but a l s o  because of i t s  high a c t i v i t y  i n  hydrogenation, s t a b i l i z a t i o n  
and conversion r e a c t i o n s .  The remarkable f e a t u r e  of coba l t  molybdenum c a t a l y s t s  
is t h e i r  a b i l i t y  t o  remain a c t i v e  d e s p i t e  t h e  presence o f  notor ious c a t a l y s t  
poisons,  i n  p a r t i c u l a r  organic  s u l f u r  and n i t rogen  compounds, i n  t h e  feedstocks 
undergoing t reatment .  

Phenanthrene i s  t y p i c a l  of t h e  hydrocarbons produced during t h e  l i q u e f a c t i o n  
of coa l .  The s t agge red  phenanthrene-like compounds a r e  thermodynamically more 
s t a b l e  ( 6 )  than t h e  l i n e a r  anthracene-l ike isomers and t h e y  a r e  usual ly  p re sen t  
in g r e a t e r  abundance i n  coal de r ived  l i q u i d s  ( e . g .  1). P a r t i a l l y  hydrogenated 
d e r i v a t i v e s  of  phenanthrene a r e  very a c t i v e  hydrogen donors i n  coal  e x t r a c t i o n .  
In one study 9 ,  10-dihydrophenanthrene was r epor t ed  t o  be  s l i g h t l y  s u p e r i o r  t o  
t e t r a l i n  i n  hydrogen donor  a c t i v i t y  ( 2 ) .  
a c t i v e ,  and t h e  p o s s i b i l i t y  of over hydrogenating t h e  solvent  i n  a hydrogen 
donor c o a l  l i q u e f a c t i o n  scheme i s  widely recognized. 
phenanthrene i s  hydrogenated i n  a c a t a l y t i c  so lven t  hydrogenation r e a c t o r  is 
the re fo re  of considerable  i n t e r e s t .  

Perhydrophenanthrene was much l e s s  

The ex ten t  t o  which 

I n  add i t ion  some conversion t o  lower molecular weight spec ie s  (hydrocracking) 
is usua l ly  des i r ab le .  While coba l t  molybdenum is much less a c t i v e  i n  t h i s  r ega rd  
a s  compared with c a t a l y s t s  containing an a c i d i c  component, it has proven s u p e r i o r  
i n  terms of  hydrocracking s e l e c t i v i t y  i n  a t  l e a s t  one in s t ance .  
Hutchinson found coba l t  molybdenum t o  be a c t i v e  and s e l e c t i v e  f o r  hydrocracking 
polyphenyls including b ipheny l  ( 4 ) .  
s e l e c t i v e  and produced mostly coke. 
q u a n t i t i e s  o f  2-ethylbiphenyl  and biphenyl  i n  t h e  r e a c t i o n  products  from t h e  
thermal  high p res su re  hydrogenolysis  of phenanthrene i n d i c a t i n g  t h a t  hydrogenation 
and a-ring-opening at  t h e  9 ,  10 -pos i t i on  was i n  f a c t  t ak ing  place ( 7 ) .  
duct d i s t r i b u t i o n  from cracking over  nonaciri ic o r  low a c i d i t y  c a t a l y s t s  f r equen t ly  
resembles t h a t  ob ta ined  i n  thermal  cracking p rocesses .  Since cobal t  molybdenum 
c a t a l y s t s  a r e  known t o  be  s e l e c t i v e  i n  t h e  hydrocracking of biphenyl ,  and it might 
be speculated t h a t  b ipheny l s  can be  formed from phenanthrene over coba l t  molyb- 
denum i n  a manner similar t o  t h a t  observed i n  thermal  cracking,  it was hoped 
t h a t  Some cracking a t  t h e  c e n t r a l  r i n g  of  phenanthrene might be accomplished. 
This specu la t ion  was a major d r i v i n g  f o r c e  behind t h e  present  i n v e s t i g a t i o n .  
economic advantages of  hydrocracking a t  t h e  i n n e r  r i n g s  of condensed r i n g  aromatics  
as  compared with t e rmina l  r i n g  cleavage a r e  r e a d i l y  apparent i n  terms of  reduced 
hydrogen consumption, h i g h e r  y i e l d s  and i n  some cases  higher  q u a l i t y  products .  

Gardner and 

C a t a l y s t s  on a c i d i c  supports  were l e s s  
Penninger and Slotboom observed s u b s t a n t i a l  

The pro- 

The 

I t  w a s  evident  f r o m  t h e  very beginning o f  t h i s  i n v e s t i g a t i o n  t h a t  much 
higher  temperatures t h a n  normally encountered i n  packed bed r e a c t o r s  would be 
r equ i r ed  i n  o rde r  t o  o b t a i n  s u b s t a n t i a l  y i e l d s  of cracked products.  Ca ta lys t  
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deac t iva t ion  due t o  carbon formation on t h e  c a t a l y s t  su r f ace  would l i k e l y  be a 
problem. 
s c a l e  i n  the  hydrodesulfur izat ion of  petroleum residium streams (H-Oil) and on 
t h e  p i l o t  p l an t  s c a l e  i n  t h e  l i q u e f a c t i o n  of  coa l  (H-Coal). 
of t h e  l i q u i d  f l u i d i z e d  bed r e a c t o r  is t h a t  p rov i s ions  can be made f o r  t h e  con- 
t inuous addi t ion and withdrawal o f  c a t a l y s t .  
conceivably overcome t h e  deac t iva t ion  problem when ope ra t ing  a t  high s e v e r i t y .  

Experimental 

However, l i q u i d  f l u i d i z e d  beds have been employed on a commercial 

One o f  t h e  advantages 

The add i t ion  of  f r e s h  c a t a l y s t  could 

The c a t a l y s t  employed in t h i s  i n v e s t i g a t i o n  was supp l i ed  by t h e  Nalco Chemical 
company and c a r r i e s  t h e  des igna t ion  Nalcomo-471. 
s p e c i f i c a t i o n s  t h e  c a t a l y s t s  c o n s i s t s  of 12.5% Moo3 and 3.5% Cog supported on an 
alumina base.  
cc/gm respec t ive ly .  
s p e c i f i c a t i o n s )  was obtained from t h e  Matheson Gas Products Company i n  3500 pSig 
cy l inde r s .  Phenanthrene, 98+% p u r i t y ,  mel t ing po in t  99-101OC was purchased from 
t h e  Aldrich Chemical Company. An elemental  ana lys i s  of  t h e  phenanthrene (Ga lb ra i th  
Laborator ies ,  Knoxville,  TN) ind ica t ed  t h a t  t h e  sample cons i s t ed  of  Carbon: 93.69%, 
Hydrogen: 5.48%, Nitrogen: 0.01%, Su l fu r :  0.42%, and Oxygen: 0.39% by weight .  

According t o  t h e  manufacturer ' s  

The su r face  a r e a  and t o t a l  pore volume a r e  295 m /gm and 0.55 
High p u r i t y  hydrogen (99.995% according t o  t h e  s u p p l i e r ' s  

The r e a c t o r ,  Figure 1, i s  a s teady flow type  constructed of  a 1 / 2  inch heavy 
w a l l  (0.083 inch)  Type 316 s t a i n l e s s  s t e e l  t ube  and heated by a Marshall  t u b u l a r  
furnace,  model 1016. 
Thermocouples were i n s e r t e d  about 1 /2  inch i n t o  both ends of t h e  c a t a l y s t  bed, 
and a preheat zone of g l a s s  chips was provided at t h e  bed i n l e t .  
t h rene  was metered i n t o  t h e  r e a c t o r  by a p rec i s ion  Ruskaproport ioning 
model 2252-BI, with a hea ted  b a r r e l .  
2qO cc /h r  could be  obtained by s e l e c t i n g  t h e  proper  choice of g e a r  r a t i o s .  The 
hydrogen f lowrate  was monitored by a flow meter constructed of a 29 inch  l eng th  
of  0.009 inch I . D .  c a p i l l a r y  tub ing  and a Barton model 200 d i f f e r e n t i a l  p re s su re  
c e l l .  The c a p i l l a r y  p re s su re  and r e a c t o r  p re s su re  were con t ro l l ed  r e s p e c t i v e l y  
by a Tescom pres su re  r e g u l a t o r ,  model 26-1023-002 and a Tescom back p res su re  
r e g u l a t o r  model 26-1723-24. Flow r a t e s  were con t ro l l ed  with a Hoke Mill i-Mite 
needle  valve.  Liquid products  were c o l l e c t e d  i n  two high p res su re  accumulators 
constructed of  one inch schedule 80 s t a i n l e s s  s t e e l  p ipe  and Swagelok but tweld 
connectors.  Product gases  were vented through a low p res su re  accumulator i n  dry 
ice-propanol,  through a wet t e s t  meter ,  and c o l l e c t e d  i n  a polyethylene gas  bag. 

The r e a c t o r  charges approximately f i v e  grams o f  c a t a l y s t .  

Liquid phenan- 
pump, 

Various discharge r a t e s  from 2 cc /h r  t o  

The c a t a l y s t  was crushed and s ieved t o  20/30 mesh and ca l c ined  at  1000°F 
i n  a i r  f o r  fou r  hours .  
and t h e  system p res su re  t e s t e d  with hydrogen. 
250 ps ig  using a hydrogen s u l f i d e  (2%)  - hydrogen (98%) mixture .  
s u l f i d i n g  t h e  gas flow w a s  s e t  a t  5 l /hr/gm c a t a l y s t  and t h e  r e a c t o r  temperature  
w a s  maintained a t  4OOOF f o r  5 hours.  
r a i s e d  a t  a r a t e  o f  2OF/min to  600°F and held for 1 hour.  
gas flowing a t  a minimal r a t e  t h e  r e a c t o r  was cooled t o  room temperature .  

Af t e r  ca l c in ing  t h e  c a t a l y s t  was charged t o  t h e  r e a c t o r  
P resu l f id ing  was c a r r i e d  ou t  a t  

During pre- 

After  t h i s  per iod t h e  temperature  was 
Then with s u l f i d i n g  

The phenanthrene f eed  was spiked with elemental  s u l f u r  t o  a t o t a l  s u l f u r  
content  of  1 .0% by weight.  During s t a r t u p  t h e  spiked feed was cu t  i n  with t h e  
hydrogen sulfide-hydrogen mixture f lowing a t  1000 p s i g  and 500OF. 
duct was de t ec t ed  i n  t h e  high p res su re  accumulator the gas mixture was r ep laced  
with pure hydrogen and t h e  r e a c t o r  w a s  brought t o  ope ra t ing  cond i t ions .  After  
a pe r iod  of time s u f f i c i e n t  f o r  t h r e e  displacements of t h e  r e a c t o r  volume t h e  
r eac t ion  products were d i r e c t e d  t o  a second high p res su re  accumulator and a y i e l d  
per iod begun. 
l e c t e d  and s t o r e d  i n  a f r e e z e r ,  and t h e  gas product was immediately analyzed.  

Once l i q u i d  pro- 

A t  t h e  t e rmina t ion  of a y i e l d  per iod t h e  l i q u i d  product was col-  
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The system was brought t o  a new s e t  o f  run condi t ions and t h e  procedure repeated.  
During a l l  adjustments  c a r e  w a s  taken t o  assure  t h a t  t h e  r a t e  of  temperature rise 
never exceeded 120°F/hr and t h a t  t h e  c a t a l y s t  w'as a t  a l l  t imes i n  con tac t  w i th  
s u l f u r .  

The products were analyzed on a gas chromatograph which u t i l i z e d  a hydrogen 
flame ion iza t ion  d e t e c t o r  and possessed temperature programming c a p a b i l i t i e s .  
The column f o r  t h e  l i q u i d  product a n a l y s i s  was packed with 5% SE-30 on 6 0 / 8 0  mesh 
Chromosorb P, AW. The gas  a n a l y s i s  column was packed with Chromosorb 102. The 
i d e n t i f i c a t i o n  of t h e  va r ious  product peaks was accomplished by measuring t h e  
r e t e n t i o n  t ime o f  pure compounds and by a GC-mass s p e c t r a l  a n a l y s i s .  
method was used t o  i d e n t i f y  most of t h e  lower molecular weight hydrocarbons and 
t h e  l a t t e r  method was r e l i e d  upon f o r  i d e n t i f i c a t i o n  of many of t h e  high molecular 
weight peaks. The mass s p e c t r a  of  some of  t h e  more important product peaks a r e  
presented i n  Figure 2. Addi t ional  information on t h e  a n a l y t i c a l  methods used 
i n  t h i s  i n v e s t i g a t i o n  is a v a i l a b l e  i n  masters t heses  by Huang ( 5 )  and Early (3). 

The former 

Resul ts  

A t o t a l  of e igh teen  y i e l d  per iods were success fu l ly  completed i n  two s e r i e s  
The o p e r a t i n g  cond i t ions  and product y i e l d s  a r e  presented i n  

These y i e l d s  have been ad jus t ed  t o  meet a 100% 
of experiments.  
Tables 1 and 2 ,  r e s p e c t i v e l y .  
carbon ma te r i a l  ba l ance .  
t h a t  problems were encountered i n  two a reas .  

Before d i scuss ing  these  r e s u l t s  it m u s t  be  pointed Out 

Because of t h e  l a r g e  hea t  e f f e c t  it xas not  poss ib l e  i n  some ins t ances  t o  
ope ra t e  the r e a c t o r  i so the rma l ly .  
d i f f e rence  between t o p  and bottom of t h e  r e a c t o r  was of  t h e  o r d e r  of SOOF. 
t h e  r epor t ed  temperatures  a t  t h e  milder  ope ra t ing  condi t ions must be considered 
nominal values only.  (The r epor t ed  temperature i s  t h e  numerical  average of  t h e  
r e a c t o r  top and bottom temperatures .  ) I n  nonadiabat ic-nonisothermal r e a c t o r s  
it is not uncommon t h a t  t h e  temperature at some po in t  w i th in  t h e  r e a c t o r  w i l l  
exceed e i t h e r  t h e  t o p  o r  bottom temperature .  
i n  o u r  experimental  s e t -up  s i n c e  thermocouples were only loca ted  a t  t h e  bed i n l e t  
and e x i t .  

The second problem was encountered i n  t h e  a n a l y t i c a l  po r t ion  of  t h e  i n v e s t i -  
ga t ion .  Three peaks on t h e  chromatogram were found t o  be  mixtures of two com- 
ponents.  The unresolved p a i r s  were: 1. asym-Octahydrophenanthrene isomer and 
n-Butylnaphthalene, 2 .  Perhydrophenanthrene isomer and n - B u t y l t e t r a l i n  and 3. 
Octahydrophenanthrene isomer and Dihydrophenanthrene. 
y i e l d  known t o  cons i s t  o f  asym-Octahydrophenanthrene and n -Bu ty l t e t r a l in  i s  
p l o t t e d  as  a func t ion  of temperature (p re s su re ,  space ve loc i ty  cons t an t )  i n  
Figure 3 .  The curve e x h i b i t s  two maxima. Thermodynamics cons ide ra t ions  suggest 
t h a t  t h e  high temperature  maximum is  due p r i n c i p a l l y  t o  n-Butylnaphthalene; 
whereas, the l o w  temperature  maximum is due p r i n c i p a l l y  t o  Octahydrophenanthrene. 
The mass s p e c t r a  of t h i s  unresolved peak from products  o f  t h e  75OOF run and t h e  
8OOoF run a r e  c o n s i s t e n t  with t h i s  content ion.  The d o t t e d  l i n e  i n  Figure 10  i s  
an est imate  o f  t h e  magnitude o f  each ind iv idua l  con t r ibu t ion  t o  t h e  unresolved 
peak drawn i n  such a manner t h a t  t h e  sum of  t h e  ind iv idua l  component e s t ima tes  
is  equa l  t o  t h e  t o t a l .  
p a i r s  ( 5 ) .  
specu la t ive  and q u a l i t a t i v e .  
f i c a t i o n  which is c o n s i s t e n t  with t h e  observed da ta  and a i d s  g r e a t l y  i n  t h e  qua l i -  
t a t i v e  i n t e r p r e t a t i o n  of t h e  da t a .  

Since r a p i d  d e a c t i v a t i o n  o f  t h e  c a t a l y s t  was expected, e s p e c i a l l y  at t h e  more 
severe operat ing cond i t ions ,  it was necessary t o  maintain a record o f  dec l in ing  
c a t a l y s t  a c t i v i t y .  This  was done by r epea t ing  t h e  s e l e c t e d  base cond i t ions ,  of 
85OoF, 2000 p s i ,  and 2.0 gm/hr/gm i n  t h e  f i r s t  s e t  o f  experiments and 6OO0F, 

In t h e  most extreme case t h e  temperature  
Thus 

Such a phenomenon would go undetected 

The a c t u a l  upper and lower temperatures a r e  presented i n  Table 1. 

The unresolved "component" 

S imi l a r  e s t ima tes  were made f o r  t h e  o t h e r  unresolved 
Separat ion of t h e  unresolved components i n  t h i s  manner is admit tedly 

Nevertheless  t h i s  procedure does provide a s impli-  
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2000 p s i ,  2.0 gm/hr/gm i n  t h e  second. 
observed i n  t h e  second set of experiments (WH-09), F igure  4 shows t h a t  bo th  
t h e  conversion o f  phenanthrene and t h e  conversion t o  C13 decreased wi th  r e s p e c t  
t o  grams of; o i l  on c a t a l y s t  i n  t h e  first set of experiments (WH-08). 
expected, t h e  sha rpes t  dec l ine  i n  c a t a l y s t  a c t i v i t y  w a s  observed when t h e  more 
Severe opera t ing  condi t ions  (lOOO°F, 1500-2500 p s i )  were examined. 

While no s i g n i f i c a n t  deac t iva t ion  was 

As 

Yields of t h e  var ious  hydrogenation products  of phenanthrene a r e  p re sen ted  
i n  Table 2 and Figure 5 .  
phenanthrene isomers were observed i n  many o f  t h e  products .  
are lumped toge the r  i n  t h e  f i g u r e s ) .  
octahydrophenanthrenes are produced i n  82% y i e l d  a t  600OF. With inc reas ing  
temperatures t h e  octahydrophenanthrenes a r e  f u r t h e r  hydrogenated t o  perhydrophenan- 
th renes  u n t i l  a m a x i m u m  y i e l d  of approximately 62% perhydrophenanthrenes is reached 
at 750OF. Beyond t h i s  tempera ture  t h e  y i e l d  o f  perhydrophenanthrenes decreases  
as t h e  thermodynamic equi l ibr ium i s  s h i f t e d  t o  f avor  t h e  less s a t u r a t e d  s p e c i e s .  
Cracking r eac t ions  are also a f a c t o r  a t  t h e  e l eva ted  tempera tures  as i l l u s t r a t e d  
i n  Figures 6 ,  7 ,  and 8.  
i nd ica t e s  t h a t  some cracking  of perhydrophenanthrene is t ak ing  p lace .  However 
it appears t h a t  a t  t h e  tempera tures  r equ i r ed  t o  hydrocrack perhydrophenanthrene 
( a t  2 gm/hr/grr and 2000 ps ig )  t h e  equi l ibr ium is  s h i f t e d  away from perhydrophenan- 
threne  formation. N o  evidence o f  l a r g e  branched p a r a f f i n s  t h a t  might be an- 
t i c i p a t e d  from mechanisms involv ing  r i n g  opening 
uncovered i n  t h e  mass s p e c t r a l  ana lyses .  Large q u a n t i t i e s  of t e t r a l i n s  and 
naphthalenes were observed i n  t h e  cracked products .  
q u a n t i t i e s  o f  n-butane and n-buty l  s u b s t i t u t e d  t e t r a l i n ,  naphthalene and d e c a l i n  
ind ica t e s  t h a t  t h e  major r e a c t i o n  pa ths  involve  s a t u r a t i o n  and cleavage o f  t e rmina l  
r i ngs .  
p lo t t ed  versus space t ime. 
compounds precedes t h e  formation of one r i n g  compounds. 

The only evidcnce o f  c racking  at  t h e  c e n t r a l  r i n g  was t h e  presence of t r a c e  

Large quant iLies  of  octahydrophenanthrene and perhydm- 
(The va r ious  isomers 

A t  2000 p s i g  and a space ve loc i ty  of 2 gm/hr/gm, 

The presence of n-buty ldeca l in  and deca l in  i n  t h e  products  

of perhydrophenanthrene were 

The presence o f  l a r g e  

In  Figure 9 var ious  grouped product y i e l d s  a t  95OOF and 2000 p s i g  a r e  
Again it is evident  t h a t  t h e  formation o f  two r i n g  

q u a n t i t i e s  ( l e s s  than  1 mole % y i e l d )  of b iphenyl  and cyclohexylbenzene i n  some 
of the  r eac t ion  products .  
t a ined .  The maximum occurred  a t  about 900OF (WH-08-02) and corresponded t o  t h e  
maximum i n  dihydrophenanthrene y i e l d .  It should be poin ted  o u t t h a t  t h e s e  d a t a  
do not e n t i r e l y  d i s p e l  t h e  p o s s i b i l i t y  o f  c racking  a t  t h e  c e n t r a l  r i n g .  I t  
would b e  i n t e r e s t i n g  t o  conduct some exper imenta t ion  i n  t h e  same tempera ture  
range bu t  a t  much lower p re s su res  than  employed i n  t h e  p re sen t  i n v e s t i g a t i o n  where 
the  equilibrium y i e l d s  o f  dihydrophenanthrene would be h igher .  O f  course c a t a l y s t  
deac t iva t ion  would l i k e l y  be  even more s e r i o u s  a problem than  encountered i n  
t h e  present  s tudy .  

S l i g h t l y  h igher  y i e l d s  of 2-ethylbiphenyl were ob- 

Because of t h e  n e a r  i so thermal  behavior  of t h e  high temperature 
runs  it is poss ib le  t o  perform a crude a n a l y s i s  o f  t h e  r e a c t i o n  k i n e t i c s .  
simple model which appears t o  descr ibe  o u r  system i s :  

A 

kl kg 

A 2 B +  C 

k 2  

where A represents  phenanthrene, B r ep resen t s  hydrogenated product and C r ep resen t s  
cracked products (C- ) .  
i n  comparison with #e cracking r e a c t i o n ,  t hen  one can show t h a t  t h e  o v e r a l l  
conversion o f  phenanthrene t o  cracked products  should fo l low first  o rde r  k i n e t i c s  ( 5 ) .  
Eut before  a meaningful a n a l y s i s  of t h e  da t a  can be undertaken it i s  necessary  
t h a t  t h e  r a t e  cons tan ts  be cor rec ted  f o r  t h e  observed dec l ine  i n  c a t a l y s t  a c t i v i t y .  

If it i s  assumed t h a t  t h e  equi l ibr ium r e a c t i o n  is rap id  
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This  w a s  done by d e f i n i n g  t h e  a c t i v i t y  as t h e  ra t io  o f  t h e  observed first o rde r  
ra te  constant t o  t h e  first o rde r  rate cons t an t  ob ta ined  by ex t r apo la t ing  t h e  
deac t iva t ion  p l o t ,  F igure  4 ,  t o  ze ro  grams of o i l  on c a t a l y s t .  The a c t i v i t y  
was then ca l cu la t ed  f o r  each y i e l d  per iod  using t h e  deac t iva t ion  curve o f  Figure 
4. 
f i r m s  t h a t  t h e  hydrocracking r e a c t i o n  is indeed c o r r e l a t e d  wi th  first o rde r  
k i n e t i c s .  The a c t i v a t i o n  energy w a s  ca l cu la t ed  t o  be  40 kcal/gmole. Comparison 
of h i s  value w i t h  an a c t i v a t i o n  energy o f  65 kcal/gmole es t imated  f r o m  Penninger 
Slotboom’s thermal  d a t a  (7)  i n d i c a t e s  t h a t  some c a t a l y s i s  o f  the  c racking  
r eac t ions  i s  ope ra t ive .  

A plo t  o f  h ( 1 - x )  ve r sus  a ( a c t i v i t y )  x Tcspace v e l o c i t y ) ,  Figure 10, con- 
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Figure  1 - Simpl i f ied  Flow Diagram of Apparatus. 

F igure  2 - Mass Spec t ra  of Se lec t ed  Product Peaks. 
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Figure 3 - Yields of Unresolyed asym-Octahydrophenanthrene - n-Butylnaphthalene 
Product Peak. 
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Figure 4 - Conversions a t  Base Conditions C2000 p s i g ,  85OoF, 2 gm/hr/gm). 
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Figure 5 - Yields from t h e  
Hydrogenation of Phenanthrene 
a t  2000 p s i g ,  2.0 gm/hr/gm. 
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Figure 7 - Yields from t h e  
Hydrogenation of Phenanthrene a t  
2000 p s i g ,  2 . 0  gm/hr/gm. 
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Figure 6 - Y i e l d s  from t h e  Hydrogenation 
of  Phenanthrene a t  2000 p s i g ,  2 .0  
gm/hr/gm . 
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Figure 8 - Product Yields  by Carbon 
Number. 



Figure 9 - Product Yields  a t  
2000 psig,  95OOF. 

Figure 1 0  - F i r s t  Order P l o t  f o r  
Conversion t o  C- 1 3 '  
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